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Natural disasters, such as hurricanes and forest fires, could trigger collapse and
reorganization of social-ecological systems. In the face of external perturbations, a
resilient system would have capacity to absorb impacts, adapt to change, learn,
and if needed, reorganize within the same regime. Within this context, we asked
how human and natural systems in Louisiana responded to Hurricane Katrina, and
how the natural disaster altered the status of these systems. This paper discusses
community resilience to natural hazards and addresses the limitations for assessing
disaster resilience. Furthermore, we assessed social and environmental change in
New Orleans and southern Louisiana through both a spatial and temporal lens (i.e.,
pre- and post-Katrina). By analyzing changes in system condition using social, economic
and environmental factors, we identified some of the characteristics of the system’s
reorganization trajectories. Our results suggest that although the ongoing population
recovery may be a sign of revitalization, the city and metropolitan area continue to face
socioeconomic inequalities and environmental vulnerability to natural disasters. Further,
the spatial distribution of social-ecological condition over time reveals certain levels of
change and reorganization after Katrina, but the reorganization did not translate into
greater equity. This effort presents an enhanced approach to assessing social-ecological
change pre and post disturbance and provides a way forward for characterizing pertinent
aspects of disaster resilience.
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INTRODUCTION
Over the past several decades, the increase in intensity and frequency of natural hazards, such
as hurricanes (Goldenberg et al., 2001; Webster et al., 2005), prolonged drought and heat waves
(Meehl and Tebaldi, 2004) has brought significant impacts on social-ecological systems. In 2005,
Hurricane Katrina impacted an estimated 2,331 square kilometers, flooded over 80% of the city
of New Orleans, and displaced 400,000 people causing significant outmigration (Lewis et al.,
2017). The scale and degree of devastation and population relocation from this natural hazard
exceeded the impacts from previous events such as the 1900 Galveston Hurricane, the 1906 San
Francisco earthquake and the 1927Mississippi Flood (Elliott and Pais, 2006). It is well-documented
that Hurricane Katrina’s devastation was widespread, however, there has been less discussion and
exploration on the equity of the impacts and recovery using a social-ecological resilience lens.
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Hazard research has grown significantly in the past decades
across various fields of study, with research questions primarily
associated with vulnerability, recovery and resilience (Opdyke
et al., 2017). Vulnerability is defined as the characteristics of an
individual or a group that influence their capacity to anticipate,
respond to, cope with, resist, and recover from an external
disturbance (e.g., natural hazard) and the subsequent impact on
their livelihood and well-being (Kelly and Adger, 2000; Wisner,
2004). It can also be defined as “the degree to which a system or
system component is likely to experience harm due to exposure
to a hazard, perturbation or stress” (Turner II et al., 2003).
The assessment of vulnerability to natural hazards typically
uses surrogate variables, representing sensitivity and adaptive
capacities of an exposed entity, to construct a quantitative and
comparable index among spatial units. The assessment can serve
as a baseline or context for decision and action that facilitates
and informs prevention, planning, mitigation, adaptation, and
recovery from the impact of natural hazards (Kelly and Adger,
2000; Cutter and Finch, 2008). An example is the social
vulnerability index (SoVI) to natural hazards developed by Cutter
et al. (2003). The index aggregates demographic, housing, and
neighborhood variables from the U.S. Census Bureau to examine
the social vulnerability of U.S. counties to environmental hazards.
In recent years, the discourse on natural hazards in both
research and policy domains, is shifting from vulnerability to
resilience among U.S. federal agencies (Cutter et al., 2008, 2014;
US Department of Housing Urban Development, 2014) and on
the international stage (Fekete, 2009; World Bank, 2013). Part of
the reason for this shift is that resilience is more proactive and
dynamic (Cutter et al., 2008). A challenge of assessing disaster
resilience emerges when there is neither a single definition for
disaster resilience nor a widely accepted way to measure it.
Though there have been attempts to assess some dimensions of
community resilience to natural disasters, there is still a lack of
consistent and standardmetrics or surrogate variables to evaluate
disaster resilience in communities. The concept of resilience
(from ecology) is described as “a measure of the persistence of
systems and of their ability to absorb change and disturbance
and still maintain the same relationship between populations
or state variables” (Holling, 1973). Ecological resilience focuses
on the ability of a system to withstand change and retain its
processes and structures without shifting to a new regime, or
an alternative state. Thus, resilience can be measured by the
magnitude of disturbance the system can tolerate and still persist
(Carpenter et al., 2001). Ecological resilience was introduced
to the social sciences in the context of vulnerability to climate
effects (Timmerman, 1981; Cutter et al., 2003). Cutter et al.
(2008) later presented a disaster resilience framework at the
community level. Heavily influenced by the work of social
vulnerability to environmental hazards, the research attempts
to assess disaster resilience by applying an inductive method
to explain susceptibility through select variables intended to
characterize the exposed entity. Cutter et al. (2008) argued that
the conceptual frameworks of disaster resilience and vulnerability
to natural hazards are both dynamic; however, the assessment
presented was still static (i.e., evaluated only one snapshot at a
time), which is very different from the quantitative approaches
for assessing ecological resilience (Angeler et al., 2016). In the
context of natural hazards, resilience is sometimes defined from
an engineering perspective. An example is the National Ocean
Service at the National Oceanic and Atmospheric Administration
(NOAA, 2018) defining coastal resilience as “building the ability
of a community to bounce back after hazardous events such
as hurricanes, coastal storms, and flooding, rather than simply
reacting to impacts.” Within this context, many natural hazard
studies focus on engineered and human systems, including
loss prevention and post-disaster actions and planning to
minimize disaster impacts (Bruneau et al., 2003; Cutter et al.,
2008). An overemphasis upon engineering resilience (which
assumes a single-state landscape) limits the understanding of a
system’s emergent capacities to withstand disruptions that are
unforeseeable (Sikula et al., 2015) or the possibility that recovery
to a previous state is impossible; hence, new regimes, processes
and structures emerge (Chuang et al., 2018).
Vulnerability and resilience share some commonalities. For
instance, the level of vulnerability can affect the degree of
resilience in a coupled human and natural system (Turner II
et al., 2003). There have been attempts to distinguish the two
terms from various (and some contested) definitions (Turner
II et al., 2003; Gallopín, 2006; Cutter et al., 2008). With
the lens of sociology, Gotham and Campanella (2011) argue
that resilience studies attempt to find “how and under what
conditions ecological and human communities adapt and adjust,
or transform and innovate in response to a shock or traumatic
event,” and vulnerability studies investigate the root of hazards
within coupled systems (e.g., Eakin et al., 2009), examine their
varying capacities to respond to these hazards, and explore
the “co-existence of adaptive and maladaptive couplings in
vulnerable systems” (Gotham and Campanella, 2011). In the
context of hazards and disasters, Cutter et al. (2008) differentiated
the two concepts by the temporal period of the assessment. They
described vulnerability as the “pre-event, inherent characteristics
or qualities of social systems that create the potential for harm
(Cutter et al., 2008),” while defining resilience as “the ability of a
social system to respond and recover from disasters. Accordingly,
the Cutter et al. (2008) definition of resilience includes those
inherent conditions that allow the system to absorb impacts and
cope with an event, as well as, post-event adaptive processes that
facilitate the ability of the social system to re-organize, change,
learn and respond to a threat.”
Disaster resilience studies often address a set of capacities
and strategies for disaster readiness (Norris et al., 2008) which
relates the ability of a community to prepare and plan for,
absorb, recover from, and adapt to adverse events in a timely
and efficient manner. Opdyke et al. (2017) documented the
hazard studies from 1990 to 2015. Among the methods used
for quantifying resilience to natural hazards, the top three
approaches are (1) modeling or simulation (31% out of 241
studies), (2) literature review or theoretical framework (24%),
and (3) GIS analysis (15%). Specifically, the majority of the
first type of research focuses on economic aspects of resilience
(i.e., economic modeling). The second type of research is largely
narrative-based, conceptually developing a framework and
indices to measure resilience to natural hazards or climate events.
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For example, Summers et al. (2017) presented a conceptual
model that characterizes resilience to climate events from the
natural environment, society, the built environment and risk
domains. Such approaches use indicators (metrics) to establish
a quantifiable baseline condition for comparing the degree
of resilience to monitor progress. However, many of these
disaster indicator studies are designed with generic goals, like
community resilience, implying or attempting to characterize an
entire community’s resilience to all hazards without specifying
a particular threat, disturbance or unique characteristics of the
exposed system. Such a generalized assessment could limit the
application and utility of the approaches for exploring particular
cases. This is in contrast to the Carpenter et al. (2001) argument
that the most important step is to identify resilience “of what
to what” because different disturbances could impact a system
in many ways and with different magnitudes and, building the
capacity for resilience in one area may create vulnerabilities
in other areas. Further, when evaluating resilience, one must
be aware of the existence of multiple regimes and understand
that returning to a particular regime (set of conditions) may be
impossible (Carpenter et al., 2001).
There is extensive research on natural hazards but little
has focused on the process of reconstruction (Kates et al.,
2006), change and reorganization of social-ecological systems
before and after a natural hazard. Although disturbances,
such as natural hazards, often wreak havoc on human and
natural systems, in the aftermath (reorganization phase), there
is the potential opportunity for innovation, development and
transformation (Folke, 2006, 2016). Panarchy describes the
changing stages of complex adaptive systems as they continually
organize and structure within and across scales of space
and time, and is characterized by a set of interconnected
adaptive cycles (Gunderson and Holling, 2002). The four phases
of adaptive cycles are release (or collapse), reorganization,
exploitation, and conservation (Gunderson and Holling, 2002).
The release/collapse phase is triggered by a disturbance that is
large enough to change the state of a system. Reorganization
describes the period after a disturbance where the system
goes into an unstable period and has relatively low resistance
to new innovations. Exploitation refers to a rapid growth
(van der Leeuw, 2013) and exploitation of resources by
system components (Gunderson and Holling, 2002). Lastly,
conservation is the phase where system components gradually
become more established and connected (van der Leeuw, 2013).
In this state, the system becomes rigid and increasingly sensitive
to disturbances (Allen et al., 2014). Disturbances have the
potential to create opportunities for innovation, development
(Folke, 2006), improvement, and beneficial transformation.
The City of New Orleans has rebuilt after previous natural
disasters with the hope of emerging in a safer and more equitable
TABLE 1 | Variables and data sources.
Dimensions/variables Code Data source
SOCIAL DIMENSION
% Non-Hispanic White p_nhw U.S. Census Bureau (Census 2000, ACS 2005–09,
ACS 2009–2014)% Hispanic p_his
% Africa American p_afb
% Asian p_asia
% Native Indian p_ntv
% Vacancy p_vacan
% Owner occupied housing p_owner
% Renter occupied housing p_renter
% Population living in the same house at least 1 year ago p_sh
% Population living in a different house, but the same city at least 1 year ago p_nol
% Population living in a different house in different state at least 1 year ago p_nc
ECONOMIC DIMENSION
Median household income hinc U.S. Census Bureau (Census 2000, ACS 2005–09,
ACS 2009–2014)Median rent mrent
Median home value mhmval
%unemployment p_unep
ENVIRONMENTAL DIMENSION
Bird diversity – USGS North American Breeding Bird Survey
(2000–2015)
% Developed area -High Intensity
(>80% of impervious surface)
p_devpH NOAA Coastal Change Analysis Program (2001,
2005–06, 2010)
% Developed area -Medium Intensity (50–70% of impervious surface) p_devpM
% Developed area-Low Intensity p_devpL
%Wetland p_wetland
% Vegetation (Forest, Scrub, Grassland) p_vege
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way (Kates et al., 2006). This research aims to examine if
this goal was reached by studying how social and ecological
condition changed over time, while viewing Hurricane Katrina
as a perturbation of the system. The effort focuses on the
process of change and reorganization after a natural hazard and
applies the concept of ecological resilience in the analyses. It
takes an integrated approach that includes assessments from
socio-demographic, economic, and environmental dimensions,
to understand the changes in this coastal city, before and
after Hurricane Katrina. Specifically, we asked the following
questions: What are the impacts on human and natural systems
in New Orleans, several years after Hurricane Katrina? Further,
Hurricane Katrina offered a window of opportunity to transform
the system. How has the system changed over time? Extending
the traditional approaches, we used indicators to characterize
the condition of the system. Also, rather than a snapshot, we
introduce a dynamic component by assessing the status of New
Orleans and southern Louisiana pre- and post-disaster using
multiple time steps. We also incorporated ecological components
by assessing land cover changes over time and incorporated
breeding bird survey data as a proxy for evaluating ecosystem
variation. Further, we evaluated these social-ecological changes
using principal component analysis (PCA) and rather than
simply quantifying and comparing indicator variables, we used
GIS to capture spatial patterns and observed the quality of change
by examining specific traits of the system. Finally, we discussed
the limitations of our work and offer guidance on improving
disaster resilience research in the future.
Study Area
New Orleans is an archetype for coastal ecosystems under
immediate threat by natural hazards and environmental change,
TABLE 2 | Land-cover change between 2005 and 2006 in Southern Louisiana.
Land cover change (from-to) Area (Km2) % Change of
total land area
Estuarine emergent wetland to water 429.04 0.56
Evergreen forest to grassland 183.93 0.24
Palustrine emergent wetland to water 96.44 0.13
Scrub/Shrub to grassland 58.03 0.08
Evergreen forest to scrub/shrub 55.67 0.07
TABLE 3 | Land-cover change between 2005 and 2006 in New Orleans.
Change type (from-to) Area (Km2) % change of the
total area
Estuarine emergent wetland to water 8.13 0.90
Palustrine emergent wetland to water 1.52 0.17
High Intensity developed to low intensity
developed
0.85 0.09
Medium intensity developed to low
intensity developed
0.66 0.07
Low intensity developed to high intensity
developed
0.32 0.04
specifically due to sea level rise and hurricanes (Gotham et al.,
2014). The City is about 169 kilometers north of the Gulf
of Mexico, located between the Mississippi River and Lake
Pontchartrain. A large part of the city is below sea level (lowest
topography reaches 3–5 meters below sea level) (Dixon et al.,
2006) and flooding of levees and floodwalls is expected when
a storm reaches Category 3 or above (Carter, 2005). Prior to
Katrina, the city’s population declined from a peak at 627,000
in 1960 to about 484,000 people in 2000 (US Census Bureau,
2017). In 2005, Hurricane Katrina resulted in more than 1500
deaths and 76.8% of the population suffered from flooding. Right
after Hurricane Katrina, the population size of the city sharply
decreased to 208,000 people in 2006, resulting in more than a
57% reduction in population in the city when compared with
the population of the city in 2000. In the post-Katrina era, the
city has revived and is experiencing increased wages and higher
median household income, population growth (391,000 in 2016)
and growing entrepreneurship (Liu and Plyer, 2010). Along with
economic and population growth, there are also spikes in housing
costs and crime rates, resulting in neighborhood instability and
social conflicts (Gotham and Campanella, 2011). Our aim is to
study the changes in this social-ecological system over time.
METHODS AND DATA ANALYSIS
To better understand a system’s capacity to withstand and
adapt to natural hazards, the evaluation should examine the
degree of pre-disturbance vulnerability or risk to the system,
and level of post-disturbance renewal, reorganization, and
innovation (Gotham and Campanella, 2011). Thus, we assessed
and compared the conditions before and after Hurricane Katrina
through an integrated approach to interpret our findings in a
TABLE 4 | Land-cover change between 2001 and 2010 in Southern Louisiana.
Land cover change (from-to) Area (Km2) % Change of
total land area
Evergreen forest to scrub/shrub 1321.79 1.73
Scrub/Shrub to evergreen forest 698.34 0.91
Grassland to scrub/shrub 537.50 0.70
Estuarine emergent wetland to water 427.09 0.56
Grassland to evergreen forest 222.89 0.29
TABLE 5 | Land-cover change between 2001 and 2010 in New Orleans.
Land cover change (from-to) area (Km2) % change of the
total area
Estuarine emergent wetland to water 13.3 1.47
Low intensity developed to medium
intensity developed
3.66 0.40
Palustrine emergent wetland to water 3.54 0.39
Medium intensity developed to high
intensity developed
2.93 0.32
Low intensity developed to high intensity
developed
2.29 0.25
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disaster resilience context. Our assessment comprises the three
core dimensions of coupled human and natural systems: (1)
economic; (2) social; and (3) environmental. We examined
the characteristics of the system temporally and spatially using
representative variables from economic and social-demographic
dimensions. In the environmental dimension, we examined the
restoration and alteration of the natural system by evaluating
land-cover change and bird diversity over time.
Since continuous data were not available for all the social and
economic variables, the assessment of before and after conditions
comprises three-time steps, year 2000 (pre-Katrina), 2009 (post-
Katrina), and 2014 (post-reorganization).We selected these years
based on the availability of Census data. The 2009 Census
data were from the American Community Survey (ACS) 5-year
estimate, based on the data collected between 2005 and 2009. The
ACS 2014 is the estimation based on the survey between 2010 and
2014. ACS uses the same measurement as the decennial Census
but takes the average over a longer period. Thus, the ACS data is
more reliable than the single-year survey due to its larger sample
size and temporal coverage.
Bird data were acquired from the USGS North American
Breeding Bird Survey (BBS), a long-term and large-scale avian
monitoring program. In this paper, we used the total number
of species and the total bird population to calculate a Shannon
Index of Diversity (Equation 1) for each BBS route from 2000 to
2015. Since there is no BBS route in the City of New Orleans,
we selected the closest routes which are 33–136 km from the
city center.
Shannon′s Diversity index = −
∑s
i=1
(pi ∗ ln pi) (1)
where,
pi = proportion of the population made up of species i
s= number of species in sample
The land cover and land cover change data were gathered
from the Coastal Change Analysis Program (C-CAP) of NOAA’s
Office of Coastal Management. The C-CAP regional land cover
and change products are nationally standardized, raster-based
inventories of land cover for the coastal areas, from the analysis
of multiple dates of remote-sensing imagery with 30 meters/pixel
resolution. The thematic land-cover land-change raster files were
input and processed using ArcGIS 10.3 to calculate area of change
FIGURE 2 | Z scores on distribution of income between 2000 and 2014.
FIGURE 1 | Bird diversity represented by Shannon Index between 2000 and 2015. LA-Louisiana; MS-Mississippi; Dot lines are 15-year average of the two sites
in Louisiana.
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for the land type of interest given C-CAP’s 24 land-cover classes.
We specifically examined the following data: (1) developed area
which is covered by concrete, asphalt, and other constructed
materials; (2) vegetation that includes forest, scrub land, and
grassland; and (3) wetlands (NOAA, 2017). Table 1 shows the
data, their sources, and temporal coverage available for this study.
We used land-cover change over time at the city scale and
beyond (southern Louisiana) as a surrogate of environmental
degradation at different spatial scales. Zonal statistics were
applied in ArcGIS to measure land-cover change and calculate
percentage of change outside of the political boundary including
open water.
Level of heterogeneity or diversity is a critical indicator of
resilience. It reflects the options and a system’s capacity to
respond to change and disturbance in various ways (Walker and
Salt, 2006). Inequality among income and ethnic/racial groups
has been an issue in New Orleans. In general, the lower-income
population lives in the areas with higher risk to flooding (Kates
et al., 2006). We used spatial autocorrelation to quantify the
pattern of change and test the following hypotheses:
H1: The spatial distribution of some social and economic
variables became less clustered (exhibitedmore heterogeneity)
than pre-Katrina condition.
H2: Disproportional risk to flooding decreased over time.
To test the first hypothesis, we used a spatial autocorrelation
index, Moran’s I (Equation 2), to measure the correlation of
targeted variables and determine its spatial pattern (cluster,
random, or discrete). Moran’s I values range between −1 and 1,
indicating that attribute values at adjacent geographic sites are
more dissimilar (−1) or more similar (1).
Moran′sindex =
∑
i
∑
j Wij Zi · Zj /S0∑
iZ2I /n
(2)
For an observation Z at location i (Zi = Xi − X , where X is
the mean of variable X):Wij is the element of the spatial weights
matrix, S0 =
∑
i
∑
j Wij is the sum of all the weights, and
n is the number of observations. All the spatial autocorrelation
analyses were performed in the Geoda 1.8.16.4 spatial data
analysis software.
For the second hypothesis, we mapped the area flooded
during Hurricane Katrina in ArcGIS and superimposed temporal
Census data on the GIS map to calculate the population of each
ethnicity in the area over time. The flood-damaged information
comes from a report (Logan, 2006), which used FEMA and high-
resolution images from the Dartmouth Flood Observatory to
estimate flood-impacted area right after Hurricane Katrina.
Lastly, we synthesized the social-ecological conditions and
monitored change over time using a deductive statistical
approach, principal component analysis, to characterize this
coastal system, and observe how the social-environmental system
of New Orleans changed and restructured over time.
ANALYSIS AND RESULTS
Land-Cover Change
An assessment of land-cover changes pre- and post-Katrina
(2005–2006) showed that the primary land conversion in both
southern Louisiana and New Orleans was from wetland loss.
Deforestation and destruction of man-made infrastructure was
also critical (Tables 2, 3). Over the longer term (2001 to
2010), southern Louisiana experienced deforestation reflected in
more vegetation changing from forest and grassland to shrubs
(Table 4). At a finer scale, the major land change in New Orleans
resulted from wetland loss and new development (Table 5).
Bird Diversity Change
We selected five BBS routes close to New Orleans. Three routes
are in northeast, south, and southwest of Louisiana, and two
routes are in neighboring Mississippi with the distances ranging
from 33 to 136 km away from the city center. A plot of the
Shannon diversity index displays the index value for each route
from 2000 to 2015 and the mean for the two LA routes (A and B)
closest to New Orleans (Figure 1). (Note that the discontinuities
FIGURE 3 | Spatial distribution of income change between (1) 1990 and 2000; and (2) 2000 and 2010.
Frontiers in Environmental Science | www.frontiersin.org 6 June 2019 | Volume 7 | Article 68
Chuang et al. Disaster Resilience in New Orleans
relate to missing data (2004 for route B; 2010 for route E; 2001–
2004, 2016 for route C). There was a slight drop for these two
routes after 2006, in 2008, but both tended to vary around the 15-
year average level and by 2010, they decreased again until 2014.
Income Change
Income is an indicator associated with socio-economic status and
may serve as a surrogate measure of a group’s ability to cope
with change. We calculated z-scores of incomes at Census-tract
level between 2000 and 2014 to monitor changes in wealth status.
The z-score is the standard deviation from the mean of all tracts
for a specific time step. A positive z-score meant the income
level was above the mean (of 0) and a negative z-score meant
the observation was below the average. Using z-score to examine
the income distribution yielded a relative indication of how each
tract’s income status compared to the other tracts in NewOrleans
over the period. The data yielded four wealth categories. For
example, in Figure 2:
1. Remained relatively low income: Neighborhoods with z-
scores below 0 between 2000 and 2014.
2. Decreasing wealth: Neighborhoods with a z-score above 0 in
2000 and below 0 in 2014.
3. Remained wealthy: Neighborhoods with z-scores above 0 in
both 2000 and 2014.
FIGURE 4 | Cluster maps and Moran’s Index of income, housing characteristics, unemployment, and vacancy. Areas in dark blue are the clusters of low value, and
areas in red are the clusters of high value. The values relate to high or low income, unemployment rate, etc.
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4. Increasing wealth: Neighborhoods with a z-score below 0 in
2000 and above 0 in 2014.
Figure 3 reveals the geographical location of these four types of
neighborhoods with different time steps: (1) between 1990 and
2000; and (2) between 2000 and 2014.
Since some tract boundaries were modified by the US Census
Bureau over time, we made the census data comparable
by aligning historical census information to year 2010
Census boundaries, using the Longitudinal Tract Data Base
program developed by Brown University. The program applies
proportional area weighting to assign census variable values to
the consistent spatial unit (Logan et al., 2016). Figure 3 maps
the neighborhoods that remained wealthy, relatively low income,
and those with increasing or decreasing wealth in two-time
segments: 1990–2000 and 2000–2014).
Spatial Autocorrelation of Income,
Unemployment, Vacancy Rates, Renters
and Owners
Spatial autocorrelation of income, unemployment, vacancy rates,
renters, and owners. The spatial analysis reveals that while
occupied housing (renter and owner) and vacancy rate dispersed
(Moran’s I declined), income became more clustered over
time (Moran’s I increased), the unemployment rate exhibited
more variability: declined from pre-storm rates (2005–2009)
and by 2014 spatial autocorrelation had increased (Figure 4).
Specifically, the spatial analysis reveals that income patterns
became more clustered over time, meaning wealthy and low-
income neighborhoods were spatially autocorrelated, instead of
randomly distributed across the city. Moreover, while high-
income clusters grew slightly between 2005 and 2009, low-
income clusters contracted (relatively concentrated), but both
became more aggregated, respectively, in 2014. Accordingly, the
aggregation pattern measured by Moran’s I suggests that income
inequality enlarged spatially over time.
The average unemployment rate at Census-tract scale in New
Orleans was 10.96%, higher than the national level in 2000
(4.00%). After Hurricane Katrina, the average unemployment
rate reached 13.92%, and then dropped to 12.74% in 2014.
Further, there was variation in unemployment rate at a fine
scale within the city. In 2014, almost 20% of neighborhoods
had unemployment rates below 5%, yet nearly as many (16%)
neighborhoods had unemployment rates above 20%. The degree
of spatial autocorrelation decreased after Hurricane Katrina but
FIGURE 5 | First three principal components for 2000. Classified by standard deviation.
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TABLE 6 | Results of principal component analysis using data from year 2000.
2000 rotated component matrix
Component
1 2 3 4 5
hinc 0.56 −0.55 0.00 −0.12 0.50
mhmval 0.79 −0.13 −0.09 −0.17 0.39
mrent 0.79 −0.31 −0.12 −0.02 0.10
p_nhw 0.91 −0.16 −0.03 −0.19 0.06
p_his 0.55 0.06 0.05 0.37 −0.29
p_afb −0.92 0.16 −0.12 0.14 −0.04
p_asia 0.07 −0.08 0.83 0.08 0.04
p_ntv 0.64 0.19 0.11 0.15 −0.08
p_vacan −0.13 0.75 −0.04 −0.17 −0.06
punemp −0.57 0.53 −0.07 −0.12 −0.01
p_owner 0.11 −0.87 0.08 −0.17 0.23
p_renter 0.24 0.77 −0.17 0.24 −0.17
p_nc 0.75 0.24 0.01 −0.26 −0.08
p_nol −0.22 0.15 −0.05 0.89 0.04
p_SH −0.59 −0.37 −0.07 −0.33 0.09
p_devpL 0.06 −0.78 −0.36 −0.15 −0.26
p_devpM −0.34 0.56 −0.44 0.18 −0.11
p_devpH 0.13 0.76 −0.10 0.05 0.03
p_wetland −0.05 −0.05 0.85 −0.09 0.13
p_vege 0.00 −0.05 0.20 0.03 0.82
Varimax rotation is applied.
Values with a relatively heavy loading are in bold (≥|±0.5|).
increased again in 2014. Hot spots of high unemployment were
less aggregated, but a new cluster appeared on the east side of the
city in 2014.
The vacancy rate during 2005-09 was about 26.71%, more
than twice the level in 2000 (12.68%). The rate decreased to
21.29% in 2014, suggesting that even 9 years after Katrina, there
are still neighborhoods with limited capacity for reorganization.
Meanwhile, the spatial patterns of vacant units become less
aggregated over time but remained spatially autocorrelated. As
Figure 4 shows, the hot spot of vacant units clustered in the urban
core. Specifically, the geographical location of highly vacant areas
changed and became more discrete after Katrina, yet the spatial
cluster returned to a pattern similar to pre-Katrina status by 2014.
The spatial distribution of renter and owner-occupied housing
units was highly clustered. Though the degree of spatial
autocorrelation has decreased since 2000, the hot spot of owner-
occupied and renter-occupied units remained segregated.
Principal Component Analysis
Principal component analysis (PCA) is a multivariate statistical
approach used to identify the pattern of similarity among
observations (Abdi and Williams, 2010). We input all variables
from Table 1, except for bird diversity data (because it only
showed small variation) and performed PCA in IBM SPSS 24.
Varimax rotation was applied to the dataset.
Five principal components were identified for the year
2000 with 73.14% of variance explained. Figure 5 shows the
spatial distribution of the first three components. Component 1
accounts for 31.34% of the variance in the data. Results indicate
a strong positive loading (values ≥ |0.50|) for median household
income, median home value, median rent, non-Hispanic white,
Hispanic, and Native Indian populations, and population living
in a different state within the past 5 years. The component
had negative loading for African Americans, unemployment
rate, and population living in the same house within 5 years.
Component 2 accounts for 20.46% of the variance with heavy
loading on vacancy rate, unemployment rate, renter, andmedium
to high intensity of urbanization and negative loading on income,
owner-occupied housing, and low developed areas. The third
component explains 9.84% of the variance, with only two heavy
and positive loadings for Asian population and wetland area.
Component 4 accounts for 6.34% of the variance with strong
positive loading for population living in different houses but the
same city within 5 years. Lastly, Component 5 has 5.16% variance,
with strong loading in income and vegetation cover (Table 6).
The PCA after Hurricane Katrina reveals changes in the social-
ecological system of New Orleans in 2009, with 71.64% of the
variance explained through six components. Figure 6 shows the
spatial distribution of the first three components. Component 1
accounts for 26.55% of the variance, with strong positive loading
in income, home value, rent, non-Hispanic white population and
negative loading in percentage of African American population
and unemployment rate. Component 2 explains 15.10% of the
variance and has heavy loading on renters, and medium to highly
urbanized area along with negative loading on owner-occupied
housing and low developed area. Component 3 accounts for
10.55% of the variance with heavy loading in Asian population
and wetland area. Component 4 explains 7.56% of the variance
and reflects strong positive loading in population living in the
same house 1 year before and negative loading in population
living in a different house in the same city 1 year before.
Component 5 accounts for 5.99% of the variance with strong
positive loading in Hispanic population and vacancy rate. Lastly,
Component 6 accounts for 5.89%, and has heavy negative loading
in newcomers and strong positive loading in population living in
the same house 1 year before (Table 7).
In 2014, five components explained 74.05% of the variance.
The spatial distribution of the first three components were
mapped in Figure 7. Component 1 accounted for 29.6% of
the variance, and a heavy positive loading in income, home
value, rent, non-Hispanic white population, and strong negative
loading in African American population, unemployment rate,
and new comers. Component 2 accounts for 20.93% of the
variance with strong positive loading in renter, population
living in different house but the same city within 1 year and
negative loading in owner-occupied housing and population
living in the same house 1 year before. Component 3
explains 11.52% of the variance, and has strong positive
loading in vacant rate, renter, and highly urbanized area,
and strong negative loading in owner-occupied housing.
Component 4 accounts for 6.14% of the variance and has
heavy positive loading in percentage of Asian population
and wetland area. Lastly, Component 5 that accounts for
5.87% of the variance, and has strong positive loading
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FIGURE 6 | First three principal components for 2005–2009. Classified by standard deviation.
in percentage of Native Indian population and vegetation
cover (Table 8).
Population Living in Flooded Areas
Figure 8 shows the demographic change in flooded areas over
time. A large proportion of African Americans live in the city
and consequently, reside in flooded areas. The portion of African
Americans living in the flooded areas decreased slightly after
Hurricane Katrina, but they remain the largest population living
in the flooded areas.
DISCUSSION
Through investigating social, economic and environmental data
temporally and spatially, we sought to better understand how
the human and natural environment responded to Hurricane
Katrina and how these systems reorganized and recovered from
the devastating event. Hurricane Katrina decimated the City of
New Orleans, and after several years of reconstruction, the city is
growing with some innovations. Liu and Plyer (2010, p. 6) claim
the city “has become more resilient, with increased civic capacity
and new systematic reforms, better positioning the metro area to
adapt and transform its future” using certain economic indicators
(e. g., increase in wage and income, growing entrepreneurship).
However, there was still an outstanding question as to whether
all residents benefit from this? Are the environmental concerns
well-understood andmanaged? Accordingly, there was a need for
a systematic and integrated approach to evaluate changes in the
social and environmental condition of New Orleans.
Income status was more stagnant between 1990 and 2000
than between 2000 and 2014. During the initial period, most
of the census tracts (96 out of 173 tracts; 55.50%) were below
the city’s average, 64 tracts were relatively stable and wealthy
and little change was evident given that only 8 neighborhoods
were considered declining and 5 tracts were growing in income.
Between 2000 and 2014 (encompassing the effects of Hurricane
Katrina) income status became more dynamic. There were 18
neighborhoods that experienced decreasing income, 20 tracts
with growing income, 48.5% (84 tracts) were below the city’s
average and the remaining 51 tracts were in stable wealthy
status. From a paired sample t-test, the income status was
significantly different after Hurricane Katrina than before (p <
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TABLE 7 | Results of principal component analysis using data from year 2009.
2009 rotated component matrix
Component
1 2 3 4 5 6
mhinc 0.82 −0.30 0.04 0.10 −0.20 0.12
mhvalue 0.86 −0.06 −0.04 −0.02 −0.23 0.06
mrent 0.66 −0.23 −0.10 −0.06 0.26 −0.14
p_nhw 0.94 0.02 −0.10 0.03 −0.06 −0.02
p_his 0.28 0.11 0.16 −0.28 0.60 0.27
p_afb −0.95 −0.03 −0.10 0.00 −0.08 0.00
p_asia 0.08 −0.05 0.87 0.05 0.07 −0.08
p_ntv 0.02 −0.03 −0.03 0.47 0.41 −0.08
p_vacan −0.37 0.09 −0.11 0.00 0.58 −0.01
p_unemp −0.66 0.09 −0.11 −0.06 −0.01 0.14
p_owner 0.41 −0.72 0.09 0.24 −0.17 0.07
p_renter −0.08 0.79 −0.10 −0.11 0.13 0.00
p_nc 0.10 0.15 0.04 −0.01 0.00 −0.89
p_nol −0.11 0.16 −0.12 −0.87 0.16 0.07
p_sh −0.03 −0.14 0.08 0.75 −0.08 0.55
p_devpL 0.09 −0.85 −0.30 −0.02 0.15 0.01
p_devpM −0.31 0.54 −0.39 0.13 0.27 0.02
p_devpH 0.07 0.80 −0.13 −0.11 −0.03 −0.19
p_wetland −0.11 −0.04 0.90 0.10 −0.15 0.05
p_vege 0.05 −0.02 0.38 0.02 −0.47 0.28
Varimax rotation is applied.
Values with a relatively heavy loading are in bold (≥|±0.5|).
0.05). The increase in average income can be viewed as a sign
of growth. However, when looking at the spatial distribution of
neighborhoods that remained below the city’s average, inner city
residents were not better off after the system reorganized.
Carpenter and Brock (2008) use the term “poverty trap”
as a metaphor to describe a social-ecological system’s adaptive
capacity. In a social-ecological poverty trap, the system has
low or loose connectedness and resilience. The potential for
change is not realized because the system lacks resources to
reorganize and move forward (Gunderson and Holling, 2002;
Westley, 2006; Carpenter and Brock, 2008). The situation in
New Orleans before 2000 and before Hurricane Katrina could be
described as in a “poverty trap,” such that while more than half
of the neighborhoods were in a relatively low-income situation
and only five Census tracts had increased income between 1990
and 2000. In the aftermath of Katrina, the dynamics of income
status changed. From 2000 to 2010, there were 20 neighborhoods
experiencing increased income as the average income increased
in the post-Katrina era.
While bird diversity was relatively stable, land-use patterns
along with economic growth in New Orleans put pressure on
natural systems and potentially damaged the area’s long-term
sustainability (Gotham et al., 2014). After Hurricane Katrina,
these environmental concerns remain and potentially undermine
the social-ecological resilience of New Orleans to natural
disasters. These concerns include the continuous loss of wetlands
at both the city and southern Louisiana scale, high intensity of
urbanization inside the city without addressing storm water and
flooding issues, and loss of forests in southern Louisiana.
PRINCIPAL COMPONENT ANALYSIS PRE-
AND POST-KATRINA
Pre-Katrina Conditions (2000)
In 2000, social-ecological conditions were diverse (Figure 5).
Wealthy populations co-existed with non-rich urban dwellers in
the center of the city. Component 1 which accounts for 31.34%
of variance of the data revealed that the groups/areas with high-
income were non-Hispanic whites with high-property and rental
value and contained a high percentage of newcomers (population
who moved from other states at least 1 year prior to the survey).
The areas with very high component 1 scores (> 2.5 standard
deviation) were Central Business District, Lower Garden District,
French Quarter, Marigny, Audubon, and New Aurora. Some
of these neighborhoods (e.g., French Quarter), also contained
pockets of low-income renters, living in the highly urbanized
places that are positively associated with unemployment and
vacancy rates. Regarding ecological characteristics, we found
that income-level was positively associated with high vegetation
cover. This relationship is consistent with social stratification
theory, which presumes high socioeconomic status population
is very likely to have more (or better access to) environmental
amenities including green spaces (Grove et al., 2006; Roy
Chowdhury et al., 2011).
Post-Katrina Conditions (2005–2009)
After Hurricane Katrina, the first principal that explained
the most variance across the city was primarily linked to
wealthy Caucasians. Newcomers were no longer associated with
Component 1 and the geography and variability in Component
1 changed (Figure 6). Central Business District, Lower Garden
District, and French Quarter no longer received the highest
scores (but their scores were still relatively high, compared
with the rest of the city). We did not observe the highest
scores in the city center but instead, the neighborhoods with
the highest Component 1 scores were found in Audubon,
followed by Lakeshore, Lake View, Terrace & Oaks, and New
Aurora. Component 2 accounts for 15% of the variance and is
characterized by renters with relatively low income in highly
developed areas and in the aftermath of Katrina, high vacancy
and unemployment rates were no longer key characteristics
under Component 2. With regard to the spatial distribution of
Component 2, the neighborhoods with highest scores were still
found in the city center, suggesting that low-income and lack
of ownership of housing in highly urbanized areas remains an
inner-city problem. In the post-Katrina era, vacancy rate became
positively associated with Hispanic population (Component 5).
More Recent Conditions (2010–2014)
After several years of recovery, the characteristics of Component
1 (wealthy Non-Hispanic White population, high percentage
of newcomers, high home values and rent) became similar
to pre-disaster conditions. The high scores of Component
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FIGURE 7 | First three principal components for 2014. Classified by standard deviation.
1 were observed in Lakewood, Lakeshore, Audubon, Central
Business District, and French Quarter (Figure 7). Relatively
low-income renters were divided into two components—one
group (Component 2) with a positive relationship with the
population who did not live in the same house in the city 1
year prior to the survey, and the other (Component 3) holds
positive relationships with vacancy rate and percentage of highly
developed area. Interestingly, vegetation cover was no longer
associated with income and instead was linked with native Indian
population in 2014. Studies have shown that land abandonment
or unmanaged vacant lots are the driver of emergent vegetation
in NewOrleans (Lewis et al., 2017) and in a shrinking city context
(Schwarz et al., 2018).
Green infrastructure (natural and human made) is considered
an important ecosystem service as well as an environmental
amenity in many environmental studies (Green et al., 2016).
Typically, quantitatively assessing the level of greenness and
identifying the spatial unevenness of vegetation cover are the
major approaches to evaluating provision of ecosystem services
and equality. In the city of New Orleans, the amount of
vegetation cover was once positively associated with household
income. However, after the system reorganized, maintaining
vegetation in good condition turned into a challenge in
minority, low-income neighborhoods which have abandoned
land. Within this context, evaluating the amount of vegetation
does not provide enough information to characterize ecosystem
service provision and the impact on environmental justice
(Lewis et al., 2017). Moreover, the assessment of equity, which
is determined by the quality of outcomes, will be more
critical to better understand ecosystem services in the post-
disaster era.
CONCLUSION
Natural hazards can trigger collapse but also create opportunities
for systems to learn, restructure, and reorganize to manage
disaster resilience. Our study examines the social and ecological
condition of New Orleans (and surrounding areas) before
and after Hurricane Katrina. By analyzing the change in
system condition using social, economic and environmental
factors, we identified some of the characteristics of the system’s
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TABLE 8 | Results of principal component analysis using data from year 2014.
2014 rotated component matrix
Component
1 2 3 4 5
hinc 0.85 −0.24 −0.27 0.06 0.16
mhvalue 0.89 0.01 −0.04 −0.04 0.09
mrent 0.82 −0.01 −0.20 −0.03 −0.14
p_nhisw 0.94 0.06 −0.02 −0.10 0.05
p_his 0.24 0.41 0.28 0.27 0.36
p_afb −0.93 −0.12 −0.04 −0.13 −0.12
p_asian 0.04 −0.02 0.03 0.90 −0.05
p_native 0.09 0.12 0.00 −0.12 0.84
p_vacancy −0.34 0.03 0.52 −0.10 −0.07
p_unemp −0.76 0.16 0.13 −0.05 0.00
p_owner 0.27 −0.64 −0.58 0.14 0.09
p_renter −0.27 0.64 0.58 −0.14 −0.09
p_nc 0.53 0.37 0.33 −0.01 −0.12
p_nol −0.17 0.86 0.04 −0.06 0.05
p_sh −0.27 −0.88 −0.17 0.03 0.05
p_devpL 0.10 −0.15 −0.83 −0.30 −0.15
p_devpM −0.36 0.21 0.40 −0.48 −0.10
p_devpH 0.11 0.17 0.86 −0.14 0.01
p_wetland −0.13 −0.05 −0.04 0.91 0.14
p_vege −0.03 −0.22 −0.03 0.28 0.63
Varimax rotation is applied.
Values with a relatively heavy loading are in bold (≥|±0.5|).
regrowth and reorganization trajectories. Although the ongoing
population recovery may be a sign of revitalization, the
city and metropolitan area continue to face socioeconomic
inequalities and vulnerability to natural disasters. Our
findings suggest that high poverty rates in some areas, and
environmental concerns such as loss of bird diversity and
wetlands, create challenges to the sustainability of the city.
The spatial distribution of social-ecological conditions over
time reveals certain levels of change and reorganization
after Katrina, but the reorganization did not translate into
greater equity.
Resilience is not static. Assessing disaster resilience requires
the measurement of changing conditions and the reorganization
process. Our analyses comprised three-time steps, including
before and after the system was disturbed, and demonstrate an
advanced approach for assessing disaster resilience. In addition
to temporal aspects, we examined spatial dimensions of disaster
resilience to include capturing patterns in social, economic and
environmental conditions. We suggest that as high-resolution
time-series data becomes available, future research should
include monitoring long-term spatial heterogeneity of other
environmental variables (e.g., terrestrial biodiversity, land use
zoning, green space, vacant lots, and flood depth).
Disaster resilience cannot be fully understood by collecting
only one-time-step data or using data that insufficiently capture
the area and period of study. Accordingly, in addition to larger
FIGURE 8 | Demographic change in flooded areas over time.
and finer temporal coverage, the spatial resolution is important.
For instance, to address the inter-scalar interactions, it is critical
to have data at both local and regional scales. In our analysis,
Breeding Bird Survey data has excellent temporal resolution,
however, its spatial resolution is limited. For assessment of
disaster resilience, it would be useful to have ecological variables
from a very fine scale (such as high-resolution Lidar data)
with continuous temporal coverage. Regarding the social and
economic variables, before 2009, the Census data was only
available every 10 years, which reduces a researcher’s ability to
measure dynamics of socio-economic change. More recently, the
American Community Survey began offering continuous data
collections with finer temporal resolution and multiple spatial
scales; hence, we were able to incorporate this data. Although
the lack of available data limited our ability to perform a more
complete ecosystem assessment, this work provides key advances
in research for disaster resilience. In particular, introducing
the dynamic, time-step analysis, employing a social-ecological
resilience lens and incorporating ecological variables (where
available) were significant improvements for research in disaster
resilience. Lastly, we highlight the need to not only examine
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system conditions quantitatively, but also qualitatively (e.g.,
governance, or quality of the green space/green infrastructure)
to link with management options.
While, this research mainly focuses on Hurricane Katrina’s
impact on New Orleans, our assessment of human and
natural systems is not limited to the municipal scale and
provides a modular framework for assessing impacts at
multiple geographic scales (i.e., other variables may be added
and it is possible to expand the scale and scope). Human
and natural activities may occur at a particular location
but impacts are not constrained by municipal boundaries;
hence, understanding the cross-scale implications of social-
ecological change is critically important for disaster resilience
(Green et al., 2015).
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